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The spectra of plasma and magnetoplasma excitations in a two-dimensional system of anisotropic 
heavy fermions were investigated for the first time. The spectrum of microwave absorption by disk¬ 
like samples of stressed AlAs quantum wells at low electron densities showed two plasma resonances 
separated by a frequency gap. These two plasma resonances correspond to electron mass principle 
values of (1.10 ± 0.05)mo and (0.20 ± 0.01)mo. The observed results correspond to the case of a 
single valley strongly anisotropic Fermi surface. It was established that electron density increase 
results in population of the second valley, manifesting itself as a drastic modification of the plasma 
spectrum. We directly determined the electron densities in each valley and the inter-valley splitting 
energy from the ratio of the two plasma frequencies. 


The last few decades have witnessed a surge in re¬ 
search on the fascinating and often unexpected collec¬ 
tive states arising from strong electron-electron interac¬ 
tion. Selectively doped semiconductor heterostructures 
appeared to be nearly ideal systems for such research 
owing to their strongly reduced disorder. Examples of 
phenomena caused by electron correlations include the 
fractional quantum Hall effect [ij, metal-insulator tran¬ 
sition 0 , and spin-textured structures Q . The electron- 
electron interaction strength is characterized by the ratio 
of the Coulomb interaction energy to the Fermi energy, 
and is proportional to the effective mass of charge carri¬ 
ers. This has motivated interest in new two-dimensional 
electron systems (2DES) that show heavy fermions be¬ 
havior. One of the most promising materials of choice is 
n-AlAs 0. 

AlAs is an indirect gap semiconductor in which the 
electrons occupy three equivalent valleys at the X points 
of the Brillouin zone. This degeneracy is lifted when the 
electrons are confined to a 2D layer. In a quantum well 
grown on a GaAs (001) wafer, only the in-plane [100] 
{X) and [010] (Y) valleys are occupied for well widths 
greater than 5 nm 0. This differs from Si (001) metal 
oxide semiconductor field-effect transistors (MOSFETs), 
in which the two valleys with the out-of-plane major axes 
are occupied. Such unusual behavior stems from biaxial 
compression of the AlAs layer, induced by lattice mis¬ 
match between the AlAs and GaAs. Moreover, the resid¬ 
ual in-plane strain lifts the X and Y valley degeneraw, 
leading to inter-valley energy splitting AE (Fig. 1) [ol- 
0. This splitting modifies the plasma spectrum, as ob¬ 
served in the present paper. Transport measurements 
revealed large and anisotropic AlAs electron effective 


masses mi = (l.l±0.1)mo and mtr = (0.20±0.02)mo [13- 

12|, corresponding to the longitudinal and transverse 
Fermi ellipsoid axes directions, respectively. The effective 
Lande (/-factor of electrons in bulk AlAs {g* = 2) is much 
larger than in GaAs {g* = —0.44). These characteristics 
make AlAs heterostructure 2DES unique and versatile 
subject of many-body and valleytronics phenomena in¬ 
vestigations. 

Microwave magnetospectroscopy is the most direct 
method to characterize Fermi surfaces and determine 
effective masses [l3|. This method has revealed well- 
studied 2D plasma excitations in isotrcppic single compo¬ 
nent GaAs heterostructure 2DES 1% [l5j . All attempts 
to study plasma dynamics in anisotropic 2DES, however, 
have been limited to experiments in which an applied 
magnetic field creates a small anisotropy in the an ini¬ 
tially isotropic 2DES 16 - 13 ]. The only example of col¬ 
lective behavior in a multi-component 2DES was found in 
GaAs double quantum wells occupied by electrons in one 
well and holes in the other 0. Heretofore, 2D plasmon 
physics in systems with native strong mass anisotropy, 
as well as multi-component 2DES, has not been well ex- 
plored, (iespite a number of interesting physical predic¬ 
tions [20| . AlAs 2DES provide an important research op¬ 
portunity by combining strong anisotropy with the abil¬ 
ity to tune carrier density in each valley. 


Measurements were carried out on high-quality 15 nm 
AlAs quantum well heterostructures fabricated by molec¬ 
ular beam epitaxy (MBE) on a (001) GaAs substrate. 
The electron density rig and electron mobility /r were in 
the ranges of 1.7 x 10^^ — 2.4 x 10^^ cm“^ and 1.2 x 10® — 
2.0 X 10®cm^/V • s, respectively. A variation of the elec¬ 
tron density was achieved by short illumination of the 
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sample. The illumination was performed by a green light 
emitting diode (2.2 eV) at T = 1.6 K. A coplanar waveg¬ 
uide (CPW) was fabricated on top of the crystal surface 
using standard photolithography tools. The waveguide 
contained a central 1.1 mm wide stripe spaced 0.6 mm 
from the grounded planes (Fig. 1 inset). The total length 
of the coplanar waveguide was 4 mm. The parameters 
of the waveguide were chosen to provide a characteristic 
impedance of Zq = 50 fl. Six equidistant 2DES disks 
of diameter d = 0.5 mm were fabricated in the slots of 
the CPW. The disk centers were spaced 1.5 mm apart 
to minimize cross-talk effects. Arrows indicate the ba¬ 
sic crystallography directions in Fig. 1. We detected 
the resonant absorption of microwave probe radiation 
(/ = 1 — 40 GHz) propagating along the CPW. An al¬ 
ternating electric field concentrated in the slots of the 
CPW oscillates the 2D plasmas in the disks. Resonant 
absorption of microwaves occurs whenever a plasmon is 
excited in a disk. The sample was immersed in a cryo¬ 
stat with a superconducting coil. 50 D coaxial cables 
connected the sample in series between a microwave gen¬ 
erator (/ = 0—40 GHz) and a tunnel diode with a pream¬ 
plifier placed outside the cryostat. The output power of 
the generator did not exceed 100 nW and the output sig¬ 
nal was detected by a standard lock-in technique. The 
magnetic field was applied normal to the surface of the 
sample. Helium vapor was pumped out to attain a tem¬ 
perature of r = 1.6 K. 

Figure 1 shows the magnetic-field dependencies of the 
coplanar waveguide transmission for several microwave 
frequencies. The horizontal axis is located at the sig¬ 
nal level when no microwave radiation is supplied to the 
CPW. Each curve shows a resonance with respect to zero 
magnetic field. Most of the resonances are symmetric, the 
rest have an asymmetric line-shape. Observed asymmet¬ 
ric resonances in the transmission can be treated and ana¬ 
lyzed as Fano-type resonances (see Supplementary Mate¬ 
rial H ). The resonance shifts to lower magnetic fields 
with increasing microwave frequency /, indicating the 
edge magnetoplasma (EMP) nature of the observed res¬ 
onance. For frequencies above 15 GHz, a second plasma 
resonance arises (inset in Fig. 1). The resonance behav¬ 
ior exhibits the positive magnetodispersion characteristic 
of a cyclotron magnetoplasmon. For more transmission 
curves we refer to Fig. IS in the Supplementary Material 
1 . 

The resonance origins are best identified by plotting 
the resonant magnetic-fields versus microwave frequen¬ 
cies, as shown in Fig. 2. The data were obtained at an 
electron density of 1.7 x 10^^ cm“^. The magnetodisper¬ 
sion has two branches separated by a frequency gap. The 
low-frequency branch corresponds to an edge magneto¬ 
plasmon propagating along the edge of the disk. This is 
a mode with anomalously weak attenuation that propa¬ 
gates in a narrow strip near the edge of the 2DES |22ll23l| . 
The EMP frequency decreases as cu- ~ cr^yQ oc Usq/B 
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FIG. 1: Magnetic-field dependencies of the coplanar waveg¬ 
uide transmission at microwave frequencies of 1.3 GHz, 
5 GHz, and 6 GHz. Each curve shows a well-defined resonance 
corresponding to edge magnetoplasmon excitation. Residual 
in-plane strain in semiconductor structure causes a rise of en¬ 
ergy gap AE between the X and Y valleys. The inset shows 
CPW transmission at 16 GHz and 18 GHz. The resonances 
exhibit positive magnetodispersion inherent to cyclotron mag¬ 
netoplasmon. The electron density is Us = 1.7 x 10^^ cm“^ 
at T = 1.5 K. Schematic drawings of the coplanar waveguide 
indicating the basic crystallography directions and the AlAs 
Fermi surface are shown in the upper left and right, respec¬ 
tively. 


in the strong magnetic field limit. The high-frequency 
branch has a positive magnetodispersion. The electric 
field E aligned along the [110] (Fig. 1) crystal direction 
can be factorized into two components along the Fermi 
ellipsoid axes as E = Ei + Et^- In the H = 0 T limit, each 
of these components excites a separate 2D plasma wave 
with corresponding masses m\ and mtr- Therefore, the 
gap in the magnetoplasmon spectrum of the disk vividly 
demonstrates the highly anisotropic nature of the Fermi 
surface in AlAs 2DES [3) Hj • For the sake of compari¬ 
son, we performed the same measurements on a geomet¬ 
rically identical sample made from GaAs quantum well 
{d = 0.5 mm, Ug = 1.4 x 10^^ cm“^). The inset in Fig. 2 
shows that for i? = 0 T the magnetic field edge and cy¬ 
clotron magnetoplasma modes are degenerate, highlight- 
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FIG. 2: Magnetodispersion of two-dimensional plasma exci¬ 
tations in AlAs disks with anisotropic charge carriers {us = 
1.7 X lO^^cm”^). The plasmon spectrum shows two plasma 
resonance branches separated by a frequency gap. Inset shows 
dispersion of magnetoplasmon waves in a GaAs quantum well 
for electrons with isotropic mass (n^ = 1.4 x 10*^^ cm~^). No 
frequency gap is observed. The same disk and GPW geometry 
was used in both cases. 
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ing the mass m* = 0.067mo isotropism in GaAs. 

The plasma excitation spectrum in a 2DES with mass 
anisotropy can be described using the dipole approxima¬ 


tion as 
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( 1 ) 

where Hi and Utr are plasma frequencies along the main 
crystallographic directions for i? = 0 T, and Wc = eB jmc 
is the cyclotron frequency. The cyclotron mass is deter¬ 
mined as a geometric mean of effective masses along the 
crystallographic axes, rric = y/m\mtr- The frequencies 
riiyr obey the 2D-plasmon dispersion |14l |: 
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where e* = (ecaAs + l)/2 is the effective dielectric per¬ 
mittivity of the surrounding medium and q = 2.4/d is 
the wave vector for the disk geometry 27|. From our 
experiments, we measure zero-field plasma frequencies 
ni = (6.5 ±0.2) GHz and Htr = (15.3 ±0.5) GHz. Using 
Eq. (2) we find the effective masses in the AlAs quan¬ 
tum well along the main crystallographic directions to 
be mi = (1.10 ± 0.05)mo and Wtr = (0.20 ± 0.01)too- 
These mass values agree with results obtained from com- 
mensurability oscillation measurements Q. 

Figure 3(a) shows GPW microwave transmission as a 
function of magnetic field for the identical samples with 
2DES densities of 1.7 x 10^^ cm“^ and 2.4 x lO^^cm”^. 


FIG. 3: (a) Magnetic-field dependencies of the coplanar 

waveguide transmission for microwave frequency / = 5.5 GHz 
with two different 2DES densities, (b) Dispersion of two- 
dimensional magnetoplasma excitations in AlAs quantum well 
at Us = 2.4 X 10^^ cm~^. Solid line represents theoretical pre¬ 
diction according to Eq. (1). Schematic drawing of electron 
spectrum for ris = 2.4 x 10^^ cm~^. The Y valley starts to be 
filled at this density, (c) Extended magnetodispersion of the 
plasmon modes. 


A short light flash from a light emitting diode varied the 
electron density. The magnetoplasma resonance shifted 
to larger magnetic field values with increased electron 
density. This is consistent with Eq (1 — 2). However, 
the zero-field plasma frequencies determined from the 
detailed magnetodispersion curve of the 2.4 x 10^^ cm“^ 
2DES have a ratio Htr/Hj = (1.80 ± 0.05). This num¬ 
ber is inconsistent with Eq. (I2D, which predicts Htr/Hi = 
y^mi/wtr = (2.3 ± 0.1). This suggests that the plasma 
dynamics undergo a qualitative metamorphosis when the 
electron density changes. 

We attribute observed phenomenon to the energy split¬ 
ting between the X and Y valleys. Indeed, the residual 
in-plane strain lifts the X and Y valley degeneracy, lead¬ 
ing to an inter-valley energy splitting AE (Fig. 1). For 
a 2DES where rig = 1.7 x 10^^cm“^, we find that all 
electrons occupy only the X valley, leaving the Y valley 
empty. As we increase the density, some of the elec¬ 
trons begin to fill the Y valley (Fig. 3(b)). The total 
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density is then defined as Us = rix + riy, where nx and 
Uy are the charge carrier concentrations in the X and Y 
valleys respectively. The collective plasma excitations in 
such a system could be considered using a two-component 
anisotropic plasma model (^ . The plasma frequencies 
along the [100] and [010] directions are described by the 
following expressions: 


n 


2 _ 
[ 100 ] - 


n 


2 _ 
[ 010 ] - 
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2£Qe* \m\ mtr J ’ 
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Using these expressions with our obtained plasma fre¬ 
quencies U[ioo], U[oio] and AlAs masses mp mtr, we 
deduced the densities Ux and ny in each of the val¬ 
leys to be Ux = (2.10 ± 0.05) x 10^^ cm“^ and Uy = 
(0.30±0.05) X 10^^ cm“^. From the difference of densities 
An = Ux — ny, we can directly determine the inter-valley 
energy splitting AE using the 2D density of states: 


AE = 


irh? An 


(5) 


This calculation gives AE = (0.90 ± 0.05) meV, which 
is consistent with all previous studies of valley splitting 
in AlAs @-0. However, these studies were conducted in 
strong magnetic helds {B > 1 T), leaving the low mag¬ 
netic field range unexplored. Our experiments directly 
determine the valley populations from the plasma fre¬ 
quencies in the weak magnetic field limit. 

The solid lines in Figs. 3(b) and (c) represent the¬ 
oretical predictions of Eq. (1) with Di = D[ioo] and 
Otr = O[oio] for the mode magnetodispersion. Some dis¬ 
crepancy exists between the experimental data and the¬ 
ory at moderate magnetic helds. The difference is espe¬ 
cially pronounced for the high-frequency cyclotron mag- 
netoplasma mode (Fig. 3(c)). One possible explanation 
could be hybridization between the cyclotron magneto¬ 
plasma mode and an inter-component cyclotron mode. 
The additional inter-component mode is a dispersionless 
excitation with frequency w = ei?/^/mimtr, which coin¬ 
cides with the cyclotron resonance [20| . Another possible 
explanation of the observed discrepancy is that 
r2[oio] and the corresponding AE are not constant with 
the H-held. This discrepancy should motivate further re¬ 
search. The agreement between theory and experiment 
returns in the limit of strong magnetic Helds. 

Our results suggest opportunities for future applica¬ 
tions of plasmonics in AlAs 2DESs. They can be used 
to study the inter-valley energy spacing at H = 0 T us¬ 
ing the discovered plasma resonance method. Such ex¬ 
periments could unveil roles of electron-electron interac¬ 
tion in semiconductor valley-splitting [^-Q. They could 


also be used to study novel relativistic plasma excita¬ 
tions [ 2 ^ . Relativistic plasma waves in highly anisotropic 
two-component electron liquids of AlAs may reveal un¬ 
predicted physical phenomena. 
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I. ADDITIONAL PICTURES FOR EDGE MAGNETOPLASMA RESONANCE 

In FIG. IS(a) and FIG. IS(b) we present the magnetic field dependence of the coplanar microwave transmission at 
a serious of frequencies /. The data of FIG. IS(a) were obtained at an 2DES electron density of ris = 1-7 x 10^^ cm“^ 
(before illumination), and FIG. lS(b) for rig = 2.4 x 10^^ cm“^ (after illumination). All curves show a resonance 
that shifts to the lower magnetic field as the frequency is increased. The resonance corresponds to excitation of edge 
magnetoplasmon (EMP) propagating along the edge of the disks. 
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FIG. 1: Magnetic-field dependencies of the coplanar waveguide transmission for 2DES concentrations (a) Ua = 1.7 x 10^^ cm 
and (b) ris = 2.4 x 10^^ cm“^ at T = 1.5 K. 


II. ANALYSIS OF THE RESONANCE LINE-SHAPE 

Part of curves in FIG. IS(a-b) have an asymmetric line-shape. This asymmetry comes from the fact that transmis¬ 
sion through the coplanar waveguide (GPW) is comprised of two interfering contributions |Ei -I-E 2 P. One component 
El is a broadband transmission of the GPW with disks representing a dissipative load. The second component E 2 
represents the electromagnetic wave that is irradiated by the disks whenever the magnetoplasma resonance occurs. 
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Accordingly, observed asymmetric resonance in the transmission can be described by the Fano resonance line-shape 


Q: 


I{B) = C + A 




( 1 ) 


where Bq - magnetic-field position of the resonance, F and A - resonance line-width and amplitude, C - background 
level, and q - asymmetry Fano parameter. 




FIG. 2: Fano resonance fitting for two transmission curves. One for the high-quality GaAs sample with Us = 1.4 x 10^^ cm 
(a), another for the AlAs sample with Us = 1.7 x 10^^ cm~^ (b). 


Figure 2S shows the Fano resonance fitting for two transmission curves. One for the high-quality GaAs sample 
(FIG. 2S(a)), another for the AlAs sample with ns = 1.7 x 10^^ cm“^ (FIG. 2S(b)). 
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